We studied local adaptation to contrasting environments using an emerging model organism of evolutionary plant biology -the outcrossing, perennial herb Arabidopsis lyrata ssp. petraea (Brassicaceae). We found variation in cumulative fitness, indicating significant adaptive differentiation among populations. Non-local populations did not exhibit higher fitness than the local population. Sites for reciprocal transplant experiments were located in Norway (alpine), Sweden (coastal) and Germany (continental). At all sites after one year, the local populations also had higher cumulative fitness, as quantified by survival combined with rosette area, than at least one of the non-local populations. At the Norwegian site, measurements were done for two additional years and fitness differences were found to persist. Fitness components contributing most to differences in cumulative fitness varied among sites. Relatively small rosette area combined with large number of inflorescences produced by German plants may reflect differentiation in life history. The results of the present study demonstrate that A. lyrata harbours considerable variation in several characters contributing to adaptive population differentiation. The wealth of genetic information available for this species makes A. lyrata a highly attractive system for examining also the functional and genetic basis of local adaptation in plants.
A. lyrata shows geographical patterns of genetic divergence typical of many wild nonweedy plants (e.g. Olsson and Ågren, 2002, Savolainen et al., 2007) . However, because fewer genetic tools are available for those species, plants such as A. lyrata (where the full genome sequence is about to be available (http://www.jgi.doe.gov/sequencing/why/3066.html), will provide exceptional opportunities for examining the genetic basis of local adaptation.
In this study, we explored evidence for local adaptation and adaptive population differentiation during early life-history stages across a wide geographic area in Arabidopsis lyrata ssp. petraea. We planted one alpine population from Norway, two seashore populations from Sweden, and a population growing on rocky outcrops and boulders in central Germany in common-garden settings at an alpine site in Norway, a coastal site in Sweden and a continental site in Germany. Locations and climatic data are presented in Table 1 .
Plant fitness was recorded during the year following transplantation at all sites. Several components of fitness were measured: winter and summer survival, rosette area, flowering propensity and number of inflorescences. Specifically, we addressed the following questions: (1) is the fitness of local populations higher than that of non-local populations, and (2) which components of fitness are responsible for variation in cumulative fitness?
German sites, the plants were planted without pots. At the Swedish site however, plants were planted with pots to improve their establishment success in that particular environment. The pots were perforated allowing the relatively deep and fine roots of A. lyrata to grow into the surrounding soil.
The experiment included a total of 360-384 A. lyrata individuals at each site. Plants were randomized in six blocks of 60-64 individuals in Norway and Sweden, and in four blocks of 90 individuals in Germany. The distance between plants was 10 cm at the Norwegian and Swedish sites and 30 cm at the German site, where intraspecific competition was more likely to limit plant growth. Families were evenly distributed among blocks and their positions within the blocks were randomized.
The experiments were transplanted in early July 2002 in Norway, in mid-August 2003 in Sweden and at the end of October 2004 in Germany. Because A. lyrata is a pioneer species, and grows in open habitats, often without immediate competitors (Jonsell et al., 1995) , competitive interactions were avoided by removing other plant species at transplantation at the Swedish and German sites. In Germany only it was necessary to keep removing competing plant species from the experimental plots. In mid-July 2002, less than two weeks after transplanting, the experimental site in Norway was temporally flooded. Individuals that died because of the flood (two Norwegian, nine Swedish and nine German plants) were replaced with other individuals from the same populations.
Measurements-The performance of experimental plants was monitored until the end of the growing season in the year following transplantation. To quantify plant size, we recorded the largest diameter of the leaf rosette and the diameter perpendicular to it for each experimental plant. We estimated the area of the leaf rosette from these measures by using the formula for an ellipse. The experimental plants were checked twice during the growing season following transplantation. In the spring, we noted whether plants had survived the winter or not. At the end of the growing season, we also recorded rosette area, reproductive status (flowered or not flowered), and number of inflorescences produced. At the Norwegian site, rosette area, reproductive status and inflorescence production by the experimental plants were recorded for one additional year, and survival for two additional years.
We estimated cumulative fitness of one-year-old plants in two ways, (a) as the rosette area at the end of the growing season (set to zero for plants that had died), and (b) as the number of inflorescences produced (set to zero for plants that had died or remained vegetative in the first year). At the Norwegian site, we also estimated the cumulative fitness of two-year-old plants, (a) as rosette area at the end of the growing season, and (b) as total number of inflorescences produced in the first two years (also set to zero in a similar way as above). Because rosette area is positively correlated with both survival and flowering propensity in A. lyrata (Løe 2006) , this should be a reasonable estimate of cumulative fitness in this perennial plant. The number of inflorescences was positively correlated with the number of flowers produced (Spearman's ρ = 0.65 for plants in the experiment in Sweden, n = 149, P < 0.0001), and with the number of fruits produced by flowering plants in the experiments in Norway (Spearman's ρ = 0.18, n = 192, P < 0.01) and Sweden (Spearman's ρ = 0.56, n = 149, P < 0.0001).
Relative cumulative fitness of non-local populations at each site was calculated based on each of the two cumulative fitness estimates. The mean value of each population was divided by the mean value of the local population. Selection coefficients s (s = 1 -relative fitness), which quantify selection against the non-local genotypes, were also calculated.
Statistical analyses-To explore variation in fitness at each site, we compared the cumulative fitness and fitness components of each non-local population with that of the local population using two-way contrasts. Population and block were both defined as fixed For the analyses, we used generalized linear models (GLM) for fitness components and linear models for analysis of cumulative fitness in the statistical package R. All statistical analyses were performed using R 2.4.1 (R Development Core Team, 2006) . We used family means for analyzing cumulative fitness. Differences in our two estimates of cumulative fitness -(a) survival combined with rosette area and (b) survival combined with the number of inflorescences, were then tested with two-way contrasts by fitting a linear model. We also examined cumulative fitness in terms of survival combined with fruit production, when this data was available (first year in Sweden and second year in Norway).
We tested for statistical significance of variation in the following fitness components: survival, rosette area, flowering propensity, and number of inflorescences. Because of mortality, all families were not represented in all blocks at the end of the experiment. Family was therefore not included as a factor in the analyses. Because of very low survival of the Swedish population at the site in Germany, contrasts were not calculated between the Swedish population and the local population for variables other than survival and rosette size at transplantation.
Survival and flowering propensity (flowering vs. non-flowering) were analysed with models assuming a binomial distribution of the residuals, and number of inflorescences with models assuming a Poisson distribution. Variation in rosette size was analysed with models assuming a Gaussian distribution of the residuals after a logarithmic transformation. To examine whether variation in winter survival could be explained by variation in rosette size, we analyzed models, which included both source population and rosette size as independent variables. We also included rosette area at transplantation as a covariate in our analysis of rosette area differences one year after transplantation.
Analyses were also done excluding plants that had been used to replace those that died because of the flood at the Norwegian site. Because results were similar, we included the replaced plants in the final analyses. 
RESULTS
Survival and size-Variation in cumulative fitness quantified as a combination of survival and rosette area at the end of the experiment provides evidence for adaptive differentiation among the three populations. Selection against non-local populations quantified by this measure was strong and differences between local and non-local populations were significant in most cases (Table 2) , and with the exception of the Swedish population performing equally well in Norway and the Norwegian population performing equally well in Germany as the corresponding local populations. For the main effects of population and block in the GLM analysis, see Supplemental Data with the online version of this article.
Strongest differences in cumulative fitness in terms of survival combined with rosette area were recorded at the alpine site in Norway, where the relative fitness of the Swedish population was 0.42 and of the German population 0.34, which corresponds to selection coefficients (s) of 0.58 and 0.66, respectively. At the coastal Swedish site, the relative fitness of the German population was 0.67 (s = 0.33), while the fitness of the Norwegian population did not differ significantly from that of the local population. Finally, at the German site, there was some selection against the Norwegian population (s = 0.37) although this difference was not significant (Table 2) , and very strong selection against the Swedish population (s = 0.95).
The fitness components contributing most to differences in survival combined with rosette area of one-year-old plants varied among sites. At the Norwegian site, the local population had higher survival than the German population, and produced larger rosettes than both the German and the Swedish populations (Figs. 1a, 2d ). At the Swedish site, survival by the end of the growing season did not vary among populations, but the local population produced larger rosettes than the German population (Figs. 1b, 2e) . It is noteworthy that at this site, the German population had lower winter survival than the local population, but that this difference was compensated by higher summer survival (Fig. 1b, Table 3 ). At the German site, the local population survived better than the two non-local populations, but no statistically significant difference in rosette size was recorded by the end of the season (Figs. 1c and 2f) . At the end of the experiment, very few Swedish plants were alive at the site in Germany.
At the Norwegian site, the local-population advantage in survival and rosette size observed in the first year persisted in the following two years (Figs. 1a and 3a) . The difference in survival between the local and the German population grew over time, but still after three years no difference in survival was observed between the local and the Swedish population (Fig. 1a) .
Among-population variation in plant size was observed already at transplantation (Figs. 2 a-c). At the Norwegian site, the local population had produced larger leaf rosettes at transplantation compared with the two non-local populations (Fig. 2d) . At the Swedish site, the local population had developed larger leaf rosettes than the German population, but did not differ in this respect from the Norwegian population ( Fig. 2e) . At the German site, the local population had produced leaf rosettes that were larger than those of the Swedish population, but smaller than those of the Norwegian population (Fig. 2c) . The significant differences persisted even when initial size was included as a covariate.
Rosette size could explain some of the variation in winter survival. A model which included rosette area as a covariate indicated that winter survival at the German site was positively correlated with rosette area (P < 0.0001), but also that statistically significant differences in survival among the German and Swedish population remained after the effects of rosette size were accounted for (P < 0.0001). No statistically significant correlation between rosette area and winter survival was detected at the other two sites (P > 0.05). Survival and inflorescence production-Our second measure of cumulative fitness describes survival combined with inflorescence production. No non-local population outperformed the local population at any site (Table 2) . After one year, the German population had the high fitness in terms of number of inflorescences produced per planted seedling at all three sites, while after two years in Norway the local population outperformed the German population also in terms of this fitness measure (Table 2) . At the German site, both non-local population performed more poorly, the Norwegian population having a relative fitness of 0.04 (s = 0.96) and the Swedish population 0.002 (s = 0.998). At both non-native sites, the German population slightly outperformed the local population after one year (relative fitness 1.22 in Norway and 1.16 in Sweden), but this difference was not significant ( Table 2 ). After two years at the Norwegian site, the relative fitness of the Swedish (0.41) and the German (0.56) populations indicated superiority of the local population.
The fitness components contributing to among-population variation in number of inflorescences per planted seedling varied among sites. At the German site, the local population survived better, had a higher flowering propensity, and produced many times more inflorescences per flowering plant than the two non-local populations (Figs. 1c, 4c and 4f) . After one year, the flowering propensity of the German population was significantly higher than that of the local population at the Norwegian site (Fig. 4a) , while at the Swedish site no significant differences in flowering propensity were found (Fig 4b) . No differences in the number of inflorescences per flowering plant were recorded among populations in Norway or Sweden ( Fig. 4d and e) . After two years in Norway, the lower cumulative fitness in terms of survival combined with inflorescence production of the Swedish population was due to low flowering propensity in the second year, while lower cumulative fitness of the German population with this measure was mainly because of lower survival (Figs. 1a, 3b and 3c) .
In addition to the inflorescence number, we also analyzed survival in combination with the number of fruits at the Swedish site in the first year, and in Norway in the second year. In Sweden, no significant differences between populations were detected by using this fitness measure (P > 0.05 for both comparisons). In Norway in the second year, both non-local populations had significantly lower fitness than the local population (Norwegian and Swedish t = 4.4, P < 0.0001 and Norwegian and German t = -2.4, P < 0.05).
DISCUSSION
This study has documented fitness differences during early life-history stages among populations of the outcrossing, perennial herb Arabidopsis lyrata, likely in response to large scale climatic factors. Evidence of adaptive differentiation was detected in comparisons between the German population and each of the two populations from Scandinavia, while fitness differences between the alpine population from Norway and the coastal population from Sweden were weak among one-year-old plants. Variation in inflorescence production of one-year-old plants reflected differences in life-history. The results suggest that geographic variation in conditions during the establishment phase have contributed to the evolution of adaptive population differentiation in traits affecting early plant establishment in this species.
Effects of fitness components on cumulative fitness-Variation in cumulative fitness quantified as the product of survival and size of one-year-old plants demonstrated adaptive differentiation between the German population and each of the two populations from Scandinavia. Adaptive differentiation appeared as differences in both survival and vegetative size, but the relative importance of differences in these two components of fitness varied among sites. At the site in Germany, the local population survived better than the two Scandinavian populations. At both Scandinavian sites, the local population produced larger , 1948; Jordan, 1992; Sambatti and Rice, 2006) . Differences in survival between the German and the Scandinavian populations may reflect adaptive differences in photoperiodic responses and tolerance to cold and drought among seedlings and young plants. Clinal variation in freezing tolerance across a latitudinal gradient has been recently reported in A. thaliana (Zhen and Ungerer, 2008) . In our study, the German A. lyrata population had lower winter survival than the local population at both the Norwegian and Swedish sites. This may be related to an inappropriate day-length response in the autumn and lower cold-tolerance in the German population when grown at high latitudes. Photoperiod pathways are involved in both timing of flowering (e.g. Stinchcombe et al., 2004) and cessation of growth in plants (Böhlenius et al., 2006) . Although the importance of photoperiodic responses for vegetative growth and development of cold tolerance has not been examined in A. lyrata, the study populations are known to differ in the effects of photoperiod on flowering propensity: the Norwegian and Swedish populations require longday conditions to flower, while the German population flowers readily also under short-day conditions (Riihimäki and Savolainen, 2004) . Interestingly, the German population tended to have a higher summer survival than the local population at the Swedish site, where drought stress is an important mortality factor in summer (Sandring and Ågren, personal observation). The German population, which naturally grows on rocks and boulders, seems to be quite drought tolerant (Clauss, personal observation).
In the pair-wise comparisons between the German population and the two Scandinavian populations, the local population generally had grown larger than the non-local population. At the site in Germany, there was no difference in rosette size between the local and the Norwegian population at the end of the experiment. However, because the rosette size of the Norwegian population was markedly larger at transplantation at the German site, this suggests that the local plants had grown faster during the period they were exposed to field conditions in Germany. Size at transplantation had a significant effect on rosette size after one year in Germany, but no differences between populations were found. Additional studies are needed to determine whether the environment-specific differences in vegetative size are due to among-population variation in temperature optimum for growth, competitive ability, tolerance to abiotic and biotic stress, or some other factor influencing rate of growth in A. lyrata.
The alpine population from Norway and the coastal population from Sweden showed relatively little evidence of adaptive differentiation among one-year-old plants. The local population produced larger leaf rosettes at the site in Norway, but not at the site in Sweden, and no differences in survival were recorded between the two populations at their respective home-sites. Local plants had slightly higher inflorescence production per planted seedling among one-year-old plants compared with non-locals. This may reflect similarity in selection on traits affecting plant establishment at the two sites, or alternatively, that historic factors and stochastic processes have constrained adaptive evolution. Populations of A. lyrata in Scandinavia are less genetically diverse at microsatellite loci compared with populations in central Europe (Clauss and Mitchell-Olds, 2006 , Gaudeul et al., 2007 , Muller et al., 2008 . Further studies are required to determine whether this difference also corresponds to lower genetic diversity at loci influencing variation in quantitative traits.
Evidence for life-history evolution-A more complete understanding of adaptive differentiation among the study populations would require that later life-history stages are also considered. Among two-year-old plants grown in Norway, the flowering propensity was significantly higher in the local population than in the Swedish population, suggesting that adaptive differences not observed among one-year-old plants may develop at later life-history stages. However in this study, we were able to detect signs of local adaptation after only one year in this perennial species. Data gathered at the Norwegian site two and three years after transplantation of seedlings indicated that adaptive differentiation in survival and growth detected at the end of the first year persisted also into the following years. Because A. lyrata is a potentially long-lived plant, a long-term experiment would be required to cover the full life cycle. One alternative would be to transplant reciprocally not only seeds and seedlings, but also established plants (e.g., McGraw and Antonovics, 1983) . After one year, the German population had the highest inflorescence production per planted seedling at all three sites, which may reflect a fundamental difference in life history among southern and northern European populations. Previous studies conducted in experimental gardens and growth chambers also indicate that this German population has a shorter juvenile period than Scandinavian populations (Riihimäki and Savolainen, 2004; Savolainen and Ågren, unpublished data) . Flowering time has been found to contribute to local adaptation, for example in Mimuls guttatus from contrasting environments (Hall and Willis, 2006) .
Age at first reproduction has been shown to vary across latitudes e.g. in the perennial herb Lythrum salicaria (Olsson and Ågren, 2002) . In a mild climate with a long growing season, juvenile plants may be able to acquire sufficient resources to flower in the first year without compromising survival in subsequent years. In contrast, in environments with a short growing season, plants may need several years to acquire the resources necessary for successful flower and seed production. Our results are consistent with the hypothesis that a long growing period has allowed the evolution of early reproductive maturation in some A. lyrata populations.
Maternal effects and the effect of the experimental design-There are some possibly confounding factors in our experimental design in terms of seed material and experimental site in Germany. Seeds that were available represented field collected seeds as well as seeds produced in growth chamber. All seeds except those from the Swedish population were from full-sib-crosses in Germany and at the other sites only the German seeds were from crosses conducted in a growth chamber. In another experiment (Leinonen et al., unpublished manuscript) , we found equal rosette sizes and flowering times but slightly higher reproductive output of plants grown from seeds that have maturated in growth chamber conditions, compared with field-collected seeds. If this relationship holds true for other populations, the slight difference would not influence our conclusion in the present study. The growth-chamber-derived German plants in Germany had much better reproductive fitness that the growth chamber Norwegian plants. In Norway, in spite of the slightly conservative comparison, the growth-chamber-produced German plants did not outperform the wildcollected local population (Table 2) .
Our experimental site in Germany was located about 200 km away from the native site of the Plech population. We used a different Swedish population in Germany than at the other two sites. Because this experiment aims to identify effects of large scale climatic factors like photoperiod and large climatic differences, we think that at this scale the use of slightly different environment or population did not have a substantial effect on our results (see Table  1 for environments).
The present study adds to previous field studies of A. lyrata that have also found evidence for adaptive population differentiation. Studies of phenotypic selection indicate that current selection contributes to the maintenance of genetic differentiation in flowering phenology and flower morphology among populations within the Scandinavian range Sandring et al., 2007; Sandring and Ågren, unpublished data) . Also, within the Swedish range, A. lyrata populations are more strongly differentiated with respect to trichome production, which reduces damage from insect herbivores in A. lyrata (Løe et al., 2007) , than at putatively neutral marker loci (Kärkkäinen et al., 2004) . Additional comparisons of population differentiation for quantitative traits and at neutral markers will add a finer scale of analysis to patterns of local adaptation of European populations of A. lyrata (Leinonen et al., unpublished manuscript) .
Concluding remarks-In recent years, A. lyrata has developed into an important model system for studies of the genetics and ecology of adaptive evolution. The results of the present study demonstrate that A. lyrata harbours considerable amount of variation in characters that affect plant establishment and that contribute to adaptive population differentiation. Many tools developed for A. thaliana can be applied in further studies on ecological genetics of A. lyrata (Clauss and Koch, 2006) . This makes A. lyrata a highly attractive system for examining the functional and genetic basis of local adaptation in plants. Table 1 . Locations (latitude, longitude and altitude) of Arabidopsis lyrata populations and reciprocal transplant sites and climatic data (day length in the middle of growing season, mean annual precipitation (mm) and mean annual temperature (C°)) from ten years recorded at nearby meteorological stations (Fokstua, Norwegian meteorological institute; Nürnberg near Plech and Erfurt near Dornburg, Germany's National Meteorological Service (1998 Service ( -2007 and from Härnösand, Sweden (1996-2007 Table 2 . Relative cumulative fitness of non-local populations based on survival combined with rosette area and survival combined with inflorescence production at an alpine site in Norway, a coastal site in Sweden and a continental, lowland site in Germany. Cumulative fitness values are presented in parentheses and statistically significant contrasts (based on linear models) between local (underlined) and non-local populations are indicated. Family means were used when fitting linear models. Relative fitness was calculated as mean fitness of the non-local population divided by the mean fitness of the local population. Fitness was estimated one year after transplantation at all three sites and also after two years at the Norwegian site. (a,d) an alpine site in Norway, (b,e) a coastal site in Sweden, and (c,f) a continental, lowland site in Germany. Flowering (a-c) proportion of surviving plants (n = 52-133, except for the Swedish population at the site in Germany n = 6), and (d-f) number of inflorescences produced by flowering plants (mean ± SD; n = 24-74, except for the Swedish population at the site in Germany n = 2). Statistical significance of contrasts between local (filled symbol) and non-local populations (open symbols) is indicated. * P < 0.05, *** P < 0.001, **** P < 0.0001.
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